The maintenance of the plasmid vectors pTG201 and pTG206 (which both carry the Pseudomonas putida xylE gene) and pBAH3 in Escherichia coli hosts was studied in free and immobilized continuous cultures. pTG201, containing the strong APR promoter, was more quickly lost than plasmid pTG206, containing the tetracycline resistance gene promoter. The instability of pTG201 seems to be related to high expression of the cloned xylE gene. Fluctuations in the proportion of pTG201-containing cells were observed in the free system, suggesting the appearance of adaptive descendants (with and without plasmid) from the initial strains. The loss of plasmid vectors from E. coli cells and the fluctuations in the proportion of plasmid-containing cells could be prevented by immobilizing plasmid-containing bacteria in carrageenan gel beads.
The maintenance of the plasmid vectors pTG201 and pTG206 (which both carry the Pseudomonas putida xylE gene) and pBAH3 in Escherichia coli hosts was studied in free and immobilized continuous cultures. pTG201, containing the strong APR promoter, was more quickly lost than plasmid pTG206, containing the tetracycline resistance gene promoter. The instability of pTG201 seems to be related to high expression of the cloned xylE gene. Fluctuations in the proportion of pTG201-containing cells were observed in the free system, suggesting the appearance of adaptive descendants (with and without plasmid) from the initial strains. The loss of plasmid vectors from E. coli cells and the fluctuations in the proportion of plasmid-containing cells could be prevented by immobilizing plasmid-containing bacteria in carrageenan gel beads.
I N T R O D U C T I O N
The integration of strong promoters into cloning vectors is of great importance for achieving high-level expression of cloned genes in Escherichia coli (Remault et al., 1981) . The levels of protein synthesis directed by the APR promoter can exceed 25% of total cell protein (Zabeau & Stanley, 1982 ). Unfortunately, high-level expression of the cloned gene can affect adversely the stability of recombinant plasmids (Imanaka et al., 1980; Caulcott et al., 1985) . There are two explanations for this : (i) an increase in the frequency of transcriptional initiation directed by the strong promoters could reduce the efficiency of plasmid DNA replication; (ii) elevated expression of the cloned gene could disturb cell metabolism, thus reducing the maximum growth rate of plasmid-containing cells (Inselburg, 1978 ; Brosius, 1984) .
A variety of experimental approaches to overcoming plasmid instability have been proposed (Uhlin et al., 1979; Dally et al., 1981; Tucker et al., 1984; Zurita et al., 1984; Ensley, 1986) . The most widely used method is the addition of antibiotic to the culture medium, but in a large-scale preparation this would be expensive. Plasmid stability may also be enhanced by the cloning of the partitioning locus, which apparently stabilizes the partitioning of plasmids into daughter cells (Meacock & Cohen, 1980; Miller et al., 1983) . However, the par locus does not stabilize all plasmid vectors (Hinchliffe et al., 1983) . A general method of ensuring plasmid stability is the use of immobilized plasmid-containing cells. Earlier work (Jaoua et al., 1986; Nasri et al., 1987a; Sayadi et al., 1987) has shown that the immobilization of plasmid-containing cells considerably increases the stability of plasmid DNA. In this paper, the stability of several plasmid vectors in free and immobilized E. coli cells was examined by continuous culture.
M . N A S R I A N D O T H E R S M E T H O D S
Bacterial strains andplasmids. The E. cofistrains used in this study were W3101 ( r e d 1 3 Nal'trpE), K12, HBlOl and B. The plasmid pTG206 (AprTcs) is a derivative of pBR322 with ligation of the BamHI/XhoI fragment from plasmid pWW0 (carrying the xy1E gene coding for catechol2,3-dioxygenase) to the large segment of pBR322 that remained after double digestion with BarnHI and SalI (Zukowski et al., 1983) . pTG2Ol was constructed by ligation of the BamHIiXhoI fragment (mentioned above) to the large segment of pBIH3 that remained after double digestion with BgfI and SalI. pBIH3 (AprTcS) is a derivative of pBR322 which contains the I P R promoter and the c1857 repressor. The plasmids were introduced into E. coli cells by transformation using the CaCl, procedure (Mandel & Higa, 1970) . Transformants were selected by ampicillin (50 pg ml-I) resistance of host cells. pBIH3, pTG201 and pTG206 were generously donated by Transgene SA.
Immobilization procedure. Immobilized growing cells were prepared using the method of Takata et al. (1977) . A 0.5 ml sample from a preculture was added to 9.5 ml 2.1% (w/v) K-carrageenan E407 (CECA, France) and suspended by stirring at 42 "C. This mixture was pumped at a rate of approximately 2 ml min-l into 40 ml LB medium containing 0.3 M-KCl, thus forming beads with a diameter of about 3 mm.
Media. The medium used throughout the experiments was L broth (LB : 1 %, w/v, tryptone, 0.5% yeast extract, 0.5% NaCl). For immobilized cells, LB medium was supplemented with 0.1 M-KCl. Agar was added to LB medium to prepare LB agar plates.
Cultivation conditions. Continuous culture experiments were done in 50 ml volumes in 100 ml glass vessels that were maintained at 37 "C, with aeration at 170 ml min-* . The fermenter was stirred continuously at 250 r.p.m. For free cultures, experiments were generally started with an overnight batch culture in 20 ml LB medium containing ampicillin (50 pg ml-l). The chemostat was then inoculated with 0.4 ml of this culture. After batch growth for 4-5 h, fresh medium flow was started at the desired dilution rate. For immobilized culture, the gel beads formed were transferred to the chemostat, and immediately a continuous flow of LB medium was initiated.
Determination of plasmid stability. Samples were withdrawn from the continuous cultures, diluted and plated onto LB agar plates. The proportions of cells containing pTG201 and pTG206 were calculated by spraying the bacterial colonies with an aqueous solution of 0.5 M-catechol. A yellow colour indicated a catechol-2,3-dioxygenase-producing colony (Zukowski et al., 1983) . For immobilized cells, gel beads were washed twice with 0.8% NaCl, then dissolved in 1% sodium citrate.
Assay for catecholZ,3-dioxygenase (C230). The conversion by C230 (EC 1.13.11.2) of catechol to a yellow product, 2-hydroxymuconic semialdehyde, was determined spectrophotometrically as described by Sala-Trepat & Evans (1971) .
Plasmid isolation. Plasmid DNA was extracted from the cells according to Birnboim & Doly (1979) .
Gel electrophoresis of nucfeic acids. Horizontal slab gels of 1 % (w/v) agarose were used. The DNA bands were visualized under ultraviolet light after staining with ethidium bromide (1 pg ml-l) for 30 min.
R E S U L T S
Transformation with recombinant plasmids E. coli B, HBlOl, K12 and W3101 were transformed with pTG201 (purified from E. coli BZ 18), pTG206 and pBAH3 (purified from E. coli C600). Several transformants (Ap' XylE+) were selected and grown in 50 ml LB medium containing ampicillin, and the presence of the plasmids was verified directly by plasmid isolation (Fig. 1) . The plasmids purified from the different transformants were shown to be identical to the originals by digestion with EcoRI (data not shown).
Stability of recombinant plasmids in free continuous cultures
The stability of plasmid-containing E. coli strains was examined in free continuous cultures at a dilution rate of 1-35 h-l. When grown in continuous cultures in the absence of antibiotic selection, E. coli cells carrying pTG206 (which expresses the xyIE gene from the tetracycline resistance gene promoter) proved to be stable in LB medium but expressed very low levels of C230 (Fig. 2) . The expression of C230 did not appear to affect the stable maintenance of pTG206 in the culture. Only 2 % and 4 % of E. coli B and E. coli W 3 10 1 had lost pTG206 after 270 generat ions.
The stability of plasmid pBAH3 was also investigated in E. coli cells grown in the absence of antibiotic selection. This plasmid was 100% stable for more than 300 generations in both E. coli B and E. coli W3101.
In order to express C230 at high levels in E. coli cells, the xylE gene was inserted into the pBAH3 vector, which carries the strong APR promoter controlled by the thermosensitive c1857 repressor gene product (Lieb, 1966) . Fig. 2 shows that cells containing the resulting plasmid, pTG202, produced much more C230 (50-fold) than cells carrying pTG206. However, in contrast with pTG206, pTG201 was not stably maintained in a free system (Fig. 3) . We concluded that the instability of the recombinant plasmid pTG201 in E. coli strains is related to the high expression level of the xylE gene. Fluctuation in the fraction of pTG20I-containing organisms In a previous paper (Nasri et al., 1987a) , we showed that pTG201 was maintained with various degrees of stability in the different E. coli hosts tested. The results in Fig. 3 show that the kinetics of pTG201 loss from E. coli B cells varied from experiment to experiment. In a first experiment (Fig. 3, A) , 75% of E. coZi B cells maintained pTG201 after 150 generations. Thereafter, there was a dramatic decline to give 45% pTG201-carrying cells at 200 generations. In a second experiment, under the same Conditions, only 7% of the host cells had lost pTG201 after 150 generations, but a significant loss of pTG201 was again detected after prolonged incubation (Fig. 3, B) . In a third experiment (Fig. 3, C ) the proportion of plasmid-carrying cells decreased gradually during the first 55 generations, then decreased dramatically, increased and declined again. In a fourth experiment, the apparent plasmid loss was 50% after 140 generations (Fig. 3, D) , compared with 22,ll and 30% after the same time of incubation in experiments A, B and C , respectively. It is well known that under non-selective growth conditions, plasmid-free cells arise in the population relatively rapidly. On the other hand, several workers have reported that plasmid-containing cells have lower maximum specific growth rates than plasmid-free cells, so that the proportion of plasmid-containing cells decreases (Engberg & Nordstrom, 1975 ; Godwin & Slater, 1979) . Such fluctuations of plasmid-containing cells suggest the appearance of host cells (with or without plasmid) which were more or less adapted for growth under the conditions used than the rest of the population. In fact, two strains, E. coli B* and E. coli B** (both without pTG201), were isolated at the 180th and 21 5th generations, respectively, from the culture described in Fig. 3 , B. The growth rates of these plasmid-free descendants, measured in batch culture in LB medium (2.5 h-' for E. coli B* and 2.7 h-' for E. coli B**) were different from that of the original plasmid-free strain B (2-61 h-l). The growth rate of E. coli B carrying pTG201 was 2.45 h-l.
Plasniid stability in immobilized cells
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Stability of recombinant plasmids in immobilized continuous cultures
The dilution rate of the immobilized cell culture (3-4 h-l) was higher than the maximum growth rate. Under these conditions, the growth rate of immobilized cells was at least equal to the maximum growth rate obtained in batch cultures. The high dilution rate used should rapidly remove any released cells present in the medium and prevent them dividing in the reactor. In contrast with free cells, immobilized and 'leaked' (released from the gel due to the rapid growth of cells near the gel surface) plasmid-containing cells exhibited a high stability. As with pTG201 (Nasri et al., 1987a) , pTG206 and pBAH3 were extremely stable in both E. coli strains tested (B and W3101) . No loss of these plasmids was detected even after 400 generations. In addition, fluctuations in the fraction of the bacterial population that retained the recombinant plasmid were not observed.
LASS of C230 activity is essentially due to segregational instability Loss of expression of plasmid-encoded genes is due to either (i) segregational instability (loss of the whole recombinant plasmid) (Skogman et al., 1983; Miwa et al., 1984) or (ii) structural instability (loss of part or all of the cloned DNA from the plasmids) (Rood et al., 1980) . Either phenomenon will contribute to plasmid instability and consequently to a decrease in production of the plasmid-coded gene product.
We previously reported that no Apr XylE-colonies were found with E. coli W3lOl(pTG201) and E. coli B(pTG201) (Nasri et al., 1987a) . The experiments were repeated, but with a larger number of colonies, using E. coli strains B, K12 and W3101 carrying pTG201. Several thousand XylE-colonies were tested for antibiotic resistance. Most of the segregants were Aps XylE-; such cells had lost pTG201, since no plasmid DNA was found. No Aps XylE+ segregants were detected. In contrast, Apr XylE-segregants were detected but with low frequency. One explanation for this could be the deletion of the xylE gene. Plasmid DNA was extracted from these Apr XylE-colonies and analysed by agarose gel electrophoresis (Fig. 1) . Figs 1 (a) lane 7, 1 (b) lane 2 and 1 (c) lane 2 show single plasmid bands, running more rapidly than pTG201, from cells of E. coli B and E. coli K12. The sizes of these modified plasmids were estimated from the mobilities of the plasmid bands and from restriction enzyme digests (not shown) to be approximately 4700 bp in the case of E. coli B and 5000 bp in the case of E. coli K12. These observations suggest that the Apr XylE-segregants might contain plasmids deleted in the region covering the xylE gene.
With pTG206, the loss of the two plasmid markers (ampicillin resistance and the xylE gene) was invariably accompanied by loss of detectable plasmid.
DISCUSSION
The maintenance of pBLH3 and pTG206 in our experiments under all conditions tested could be explained by (i) the higher copy number of these plasmids (about 50 copies per cell), so that the rates of loss of these vectors from host cells were low, or (ii) the absence of competition between plasmid-free (once appeared) and plasmid-containing cells, since the maximum growth rates of these strains were similar.
With pTG201, expression of xyIEgene might be increased by readthrough transcription from the strong APR promoter. Our results showed that the APR promoter can direct the production of 50 times more C230 than could the tetracycline resistance gene promoter. The increased level of expression of the xylE could be responsible, at least in part, for the instability of the plasmid.
With pTG206, the plasmid markers (ampicillin resistance and xylE gene) are always simultaneously lost. With pTG201, the absence of C230 activity is essentially due to segregational instability. Apr XylE-segregants were isolated as spontaneous mutants by plating about 10000 XylE-cells onto agar plates containing ampicillin (less than 0.1 % are Apr XylE-).
Immobilization of the plasmid-containing cells considerably increases the stability of pTG201 and pTG206 recombinant plasmids. The stability of pBR322 and a number of close derivatives (pBR328 and pBR325) was also enhanced in continuous cultures with immobilized plasmid-containing cells (results not shown).
A plausible explanation for the fluctuations of plasmid-containing cells is the appearance of more competitive descendants (with or without pTG201) originating from plasmid-containing cells. Such kinetics of plasmid loss have been previously described (Helling et al., 1981 ; Jones & Melling, 1984; Keshavarz et al., 1985) . The authors attributed fluctuations to a replacement of the initial plasmid-containing cells by more competitive plasmid-containing descendants, resulting from chromosomal mutations. This fluctuation is not observed in the immobilized-cell culture. In a previous paper (Nasri et al., 1987b) , we showed that inside the gel beads, plasmid-
M . N A S R I A N D OTHERS
containing cells grow in the outer layer, for 10 to 16 generations, where they form microcolonies. This number of generations is not sufficient for adaptive mutants to appear within the cavities of the gel beads, judging by the results in the free system, in which adaptive mutants appeared only after prolonged incubation.
In conclusion, the data presented in this paper outline a simple non-selective method for improving the stability of vectors used to overproduce gene products. The immobilization method stabilizes all plasmid vectors that we have tested. This increased plasmid stability observed in immobilized cells may have resulted from the mechanical properties of the gel bead system, which perhaps only allows a limited number of cell divisions to occur in each clone of cells before the clone escapes from the gel bead.
